Introduction
============

Osteosarcoma (OS), one of the most frequent types of primary malignant bone neoplasm, originates from the metaphysis of the long bones in children and adolescents ([@b1-ol-0-0-8049]). The estimated morbidity rate for OS is 4.4 per million worldwide, with a peak incidence at 15--19 years old ([@b2-ol-0-0-8049]). Phenotypically, OS is relatively homogeneous, but multiple genetic alterations and environmental factors have been demonstrated to be closely associated with carcinogenesis, and progression of OS ([@b3-ol-0-0-8049],[@b4-ol-0-0-8049]). Presently, the main therapeutic strategies for patients with OS are orthopedic surgical intervention, chemotherapy and occasionally radiotherapy ([@b5-ol-0-0-8049]). Although progress in treatments has occurred, the 5-year overall survival rates for OS patients without metastatic disease are \~50-60%, and is significantly low for those with metastasis ([@b6-ol-0-0-8049],[@b7-ol-0-0-8049]). The majority of patients with OS eventually develop metastasis, particularly pulmonary metastasis, which is the major cause of treatment failures ([@b8-ol-0-0-8049]). Therefore, it is necessary to understand the molecular mechanism underlying metastasis of OS, and investigate novel therapeutics treatments that target the molecular pathway regulating the metastasis of OS.

MicroRNA (miRNA/miR) are a family of endogenous, non-coding, single stranded and short RNAs of 18--25 nucleotides in length. They modulate gene expression through interactions with complementary sequences in the 3′untranslated regions (3′UTRs) of target mRNAs in a sequence-specific manner, resulting in degradation or translational repression of target mRNAs ([@b9-ol-0-0-8049]--[@b12-ol-0-0-8049]). Growing evidence has demonstrated that miRNAs serve important functions in a wide range of physiological and pathological processes, including cell growth, development, differentiation, apoptosis, survival, migration and invasion ([@b13-ol-0-0-8049],[@b14-ol-0-0-8049]). Notably, accumulated evidence has indicated that the aberrant expression of miRNAs is required to maintaining the malignant phenotype of cancer cells, and that they function as tumor suppressors or oncogenes as a result of the diversity of their target mRNAs ([@b15-ol-0-0-8049]). Particularly, numerous miRNAs have been reported to serve essential functions in carcinogenesis and progression of OS, and may be independent prognostic markers or therapeutic targets for patients with OS ([@b16-ol-0-0-8049]--[@b18-ol-0-0-8049]). Therefore, it is essential to further investigate the expression and roles of miRNAs in OS, and provide insight into identifying the novel therapeutic treatment for patients with OS.

Previous studies demonstrated that miR-302a expression is aberrantly expressed in multiple tumor types ([@b19-ol-0-0-8049]--[@b21-ol-0-0-8049]). However, miR-302a expression pattern and its biological roles remains to be investigated in OS. The present study aimed to investigate the expression level of miR-302a in OS tissues and cell lines, and the biological roles of miR-302a in OS cells. Furthermore, the molecular mechanism underlying its tumor suppressive roles was evaluated.

Material and methods
====================

### Ethics statement and OS tissue samples

The present study was approved by the Ethics Committee of Tianjin Hospital (Tianjin, China) and written informed consent was obtained from all patients involved in the present study. A total of 34 paired OS tissues and matched normal adjacent tissues (NATs) were obtained from patients with OS (20 male and 14 female; age range, 17--63 years; mean age, 38 years) between June 2013 and March 2015. Patients with OS who received other therapeutic treatments prior to surgery were excluded from this study. Upon resection, the OS tissues and matched NATs were immediately snap-frozen in liquid nitrogen and stored at −80°C.

### Cell lines and cell culture

The OS HOS, MG63, SAOS2 and U2OS cell lines and human normal osteoblastic hFOB 1.19 cell line were obtained from the American Type Culture Collection (Manassas, VA, USA). All cells were cultured in Dulbecco\'s modified Eagle\'s medium supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 U/ml streptomycin (all Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) in a humidified incubator with 5% CO~2~ at 37°C.

### Oligonucleotide transfection

miR-302a mimics and negative control (NC) were purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). IGF-1R and control siRNAs were synthesized and purified by Guangzhou RiboBio Co., Ltd. (Guangzhou, China). The sequence of the miR-302a mimic was 5′UAAGUGCUUCCAUGUUUUGGUGA3′. The sequence of the NC mimic was 5′UUCUCCGAACGUGUCACGUTT3′. The sequence of the IGF-1R siRNA was 5′CACCGCGGCTGGAAACTCTTCTACACGAATGTAGAAGAGTTTCCAGCCGC3′. The sequence of the control siRNA was 5′CACCGCTCACCGGCTCCAGATTTATCGAAATAAATCTGGAGCCGGTGAGC3′. Oligonucleotide transfection was conducted using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and then reverse transcribed into cDNA using the PrimeScript RT-PCR kit (Takara Bio, Inc., Otsu, Japan). The expression levels of miR-302a were determined using SYBR Premix Ex Taq TM II kit (Takara Bio, Inc.), following the manufacturer\'s protocol. RNU48 was used as the internal control for quantification of miR-302a expression. A total of 200 ng cDNA was used in the qPCR reactions using an ABI7500 Real-time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.), and the thermocycler conditions of qPCR were: 5 min at 95°C, followed by 40 cycles of 95°C for 30 sec and 65°C for 45 sec. The expression levels of IGF-1R mRNA were measured using SYBR Green PCR Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.), and GAPDH was used to normalize the data for quantification of IGF-1R mRNA expression. The thermocycler conditions of qPCR were as follows: 95°C for 10 min; 40 cycles of 95°C for 15 sec; and 60°C for 1 min. The primer sequences used for qPCR were: miR-302a: forward, 5′CGTGGATGTACTTGCTTTGAA3′; reverse, 5′TCACCAAAACATGGAAGC AC3′; RNU48 forward, 5′CTCGCTTCGGCAGCACATATACT3′; reverse, 5′ACGCTTCACGAATTTGCGTGTC3′; IGF-1R forward, 5′AGGATATTGGGCTTTACAACCTG3′; reverse, 5′GAGGTAACAGAGGTCAGCATTTT3′; GAPDH forward, 5′TGCACCACCAACTGCTTA3′; reverse, 5′GGATGCAGGGATGATGTTC3′. Each sample was examined in triplicate. Data was analyzed using the 2^−ΔΔCq^ method ([@b22-ol-0-0-8049]).

### Transwell migration and Matrigel invasion assay

Transwell migration and Matrigel invasion assays were performed to investigate the effects of miR-302a on the migration and invasion capacity of OS cells. For Matrigel invasion assays, the Transwell chambers (8 mm pore filter) were coated with 100 µl Matrigel (5 mg/ml) (both BD Biosciences, San Jose, CA, USA). For Transwell migration and invasion assays, transfected MG63 and U2OS cells were collected and resuspended in serum-free culture medium. A total of 1×10^5^ transfected cells in 300 µl serum-free culture medium were seeded into the upper chamber, while 500 µl culture medium supplemented with 20% FBS was added to the lower chamber. Following 12 (for migration) or 24 h (for invasion) of incubation at 37°C, the nonmigrated and noninvaded cells were carefully scraped off using a cotton swab. Migrated and invaded cells were fixed, stained with 0.5% crystal violet and washed with PBS, followed by counting using a CKX41 inverted microscope (Olympus Corporation, Tokyo, Japan) at magnification, ×200 in five randomized fields.

### Target prediction of miRNAs

miRanda (<http://www.microrna.org>) and TargetScan version 7.0 (<http://www.targetscan.org/>) were used to predict the target genes of miR-302a.

### Dual-Luciferase report assay

The pGL3-IGF-1R-3′UTR wild-type (Wt) and pGL3-IGF-1R-3′UTR mutant (Mut) were purchased from Shanghai GenePharma Co., Ltd. For the Luciferase report assay, OS cells were transfected with miR-302a mimics or NC, and luciferase reporter vector using Lipofectamine 2000. At 48 h following transfection, cells were collected and luciferase activities were measured using Dual-Luciferase Reporter Assay system (Promega Corporation, Madison, WI, USA), according to the manufacturer\'s protocol. The *Renilla* luciferase activities were detected as an internal control for relative firefly luciferase activities.

### Western blot analysis

MG63 and U2OS cells were lysed in ice-cold lysis buffer (50 mM Tris-HCl, pH 6.8, 32 mM 2-ME, 2% w/v SDS, 10% glycerol) along with protease inhibitor. Protein concentration was determined and 20 µg protein was separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). Subsequent to blocking at 37°C with 5% non-fat milk in Tris-buffered saline (TBS) for 30 min, the membranes were incubated with primary antibodies directed against IGF-1R (1:1,000 dilution; cat. no., ab39398) and GADPH (1:1,000 dilution; cat. no., ab8245; both Abcam, Cambridge, UK) overnight at 4°C. Subsequently, the membranes were washed with TBS-Tween 20, and incubated with the corresponding horseradish peroxidase-conjugated secondary antibodies (1:1,000 dilution; cat. no., ab6785 and ab150077; Abcam) for 1 h at room temperature. An enhanced chemiluminescent system (EMD Millipore) was used to visualize signal bands, and analyzed with Image Lab software (version 3.0; Bio-Rad Laboratories, Inc., Hercules, CA, USA).

### Statistical analysis

Data are presented as the mean ± standard deviation. The differences between groups were compared with Student\'s t test or one-way analysis of variance using SPSS statistical software (version 13.0; SPSS Inc., Chicago, IL, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### miR-302a mRNA expression is downregulated in OS tissues and cell lines

miR-302a has been studied in numerous human cancer types; however, its expression and functions in OS have not been investigated previously. In the present study, the expression levels of miR-302a were measured in OS tissue samples. It was revealed that the expression of miR-302a were significantly lower in OS tissue compared with that in matched NATs ([Fig. 1A](#f1-ol-0-0-8049){ref-type="fig"}; P\<0.05). In addition, the expression of miR-302a in OS tissue with metastasis was significantly lower compared with that in OS tissue without metastatic disease ([Fig. 1B](#f1-ol-0-0-8049){ref-type="fig"}; P\<0.05). miR-302a expression was determined in OS cell lines and the human normal osteoblastic hFOB 1.19 cell line. As demonstrated in [Fig. 1C](#f1-ol-0-0-8049){ref-type="fig"}, miR-302a was significantly downregulated in OS cell lines compared with that in hFOB 1.19 cells (P\<0.05). These results indicate that miR-302a is downregulated in OS and may be involved in the metastasis of OS.

### miR-302a inhibits the migration and invasion of OS cells in vitro

To investigate the effects of miR-302a in the metastasis of OS, OS cells were transfected with miR-302a mimics or NC, and then subjected to Transwell migration and Matrigel invasion assays. In the four OS cell lines, MG63 and U2OS cell lines were selected for functional experiments due to lower miR-302a expression levels. Following transfection, miR-302a expression relative to GAPDH was assessed using RT-qPCR. As demonstrated in [Fig. 2A](#f2-ol-0-0-8049){ref-type="fig"}, miR-302a expression was significantly upregulated in MG63 and U2OS cells transfected with miR-302a mimics compared with those transfected with the negative control (P\<0.05). Transwell migration and invasion assays revealed that the overexpression of miR-302a inhibited migration and invasion capacity of MG63 and U2OS cells ([Fig. 2B and C](#f2-ol-0-0-8049){ref-type="fig"}; both P\<0.05). These results indicate that miR-302a acts as a tumor metastasis suppressor in OS.

### IGF-1R is a direct target gene of miR-302a in OS

To determine the molecular mechanism underlying miR-302a in the metastasis of OS, miRanda and TargetScan databases were used to predict potential target genes of miR-302a. IGF-1R was predicted to be one of its targets ([Fig. 3A](#f3-ol-0-0-8049){ref-type="fig"}). To confirm this predication, a Dual-Luciferase reporter assay was performed. The results demonstrated that the overexpression of miR-302a decreased the luciferase activities of pGL3-IGF-1R-3′UTR Wt; however, no significant differences in the luciferase activities of pGL3-IGF-1R-3′UTR Mut were observed when compared to the negative control groups ([Fig. 3B](#f3-ol-0-0-8049){ref-type="fig"}; P\<0.05). Furthermore, RT-qPCR and western blot analyses were performed to investigate the regulatory effects of miR-302a on IGF-1R mRNA and protein expression. As illustrated in [Fig. 3C and D](#f3-ol-0-0-8049){ref-type="fig"}, IGF-1R was significantly downregulated at mRNA and protein levels in miR-302a mimics-transfected MG63 and U2OS cells (all P\<0.05). These results suggest that IGF-1R is a direct target gene of miR-302a in OS.

### Knockdown IGF-1R mimics functions with miR-302a overexpression of OS cells

To investigate the effects of IGF-1R in OS cells, MG63 and U2OS cells were transfected with IGF-1R siRNA or control siRNA, and then Transwell migration and Matrigel invasion assays were performed. As illustrated in [Fig. 4A](#f4-ol-0-0-8049){ref-type="fig"}, IGF-1R siRNA reduced IGF-1R expression at the protein level compared with the control siRNA treated group. In addition, downregulation of IGF-1R in MG63 and U2OS cells significantly inhibited the migration and invasion abilities of cells compared with the control group ([Fig. 4B and C](#f4-ol-0-0-8049){ref-type="fig"}; P\<0.05). These findings indicate that IGF-1R silencing and miR-302a overexpression possess similar functions resulting in cell migration and invasion suppression.

Discussion
==========

Metastasis serves an important role in OS progression, and the majority of mortalities of patients with OS are primarily due to complications arising from metastasis. The molecular mechanisms underlying the carcinogenesis and progression of OS are apparent, however the molecular basis of the presence of metastasis remains unclear. Therefore, studies investigating the molecular mechanism underlying the metastasis of OS are warranted, in order to develop more efficient therapeutic strategies to treat patients with OS and prevent metastasis. Increasing evidences have indicated that miRNAs perform essential regulatory functions in numerous biological events, including metastasis ([@b13-ol-0-0-8049],[@b14-ol-0-0-8049]). In the current study, the expression levels of miR-302a were determined in OS tissue and cell lines using RT-qPCR. The results demonstrated that miR-302a was significantly downregulated in OS tissues and cell lines. In addition, the downregulation of miR-302a in OS tissues was significantly associated with metastasis. Furthermore, enforced miR-302a expression inhibited metastasis of OS cells, suggesting its involvement in OS metastasis. To the best of our knowledge, this is the first study to investigate the expression and function of miR-302a in OS.

miR-302a has been primarily studied in ovarian ([@b19-ol-0-0-8049]), colorectal ([@b20-ol-0-0-8049]), prostate ([@b21-ol-0-0-8049]) and breast ([@b23-ol-0-0-8049]) cancer. Guo *et al* ([@b19-ol-0-0-8049]) reported that miR-302a was downregulated in ovarian cancer, and upregulation of miR-302a significantly inhibited cancer cell proliferation and improved apoptosis through targeting SDC1. In addition, expression of miR-302a was lower in colorectal cancer cells compared with that in normal colon epithelium cells. Overexpression of miR-302a suppressed growth and invasion capacity of colorectal cancer cells via regulation of mitogen-activated protein kinase, and phosphoinositide 3-kinase/protein kinase B (Akt) signaling pathways ([@b20-ol-0-0-8049]). In prostate cancer, miR-302a expression levels were demonstrated to be decreased in cancer tissue samples, particularly in tissues with a Gleason score of ≥8. Enforced miR-302a expression in prostate cancer cells resulted in a significant suppression in cell growth *in vitro* and *in vivo*, and enhanced G~1~/S cell cycle arrest by targeting Akt ([@b21-ol-0-0-8049]). Liang *et al* ([@b23-ol-0-0-8049]) revealed that miR-302a was downregulated in metastatic breast cancer cells and tumor tissue samples. Ectopic expression of miR-302a suppressed invasion and metastasis of breast cancer cell *in vitro*, and *in vivo* via blockade of C-X-C chemokine receptor 4 ([@b23-ol-0-0-8049]). Furthermore, miR-302a was demonstrated to contribute to radioresistance of breast cancer cells. Lower miR-302a expression was revealed in irradiated breast cancer cells, and sensitized radioresistant breast cancer cells to radiation therapy *in vitro* and *in vivo* through negative regulation of AKT1 and RAD52 homolog DNA repair protein ([@b24-ol-0-0-8049]). These findings indicate that miR-302a serves important functions in the tumorigenesis and progression of these cancer types, and is a promising molecular target for the treatment of such diseases.

In the present study, IGF-1R was demonstrated to be a direct target gene of miR-302a in OS. To validate the molecular mechanism underlying the suppressive functions of miR-302a in the metastasis of OS, miRanda and TargetScan was used to predict the potential target genes of miR-302a. The analysis revealed that IGF-1R was one of the targets of miR-302a. To confirm this prediction, luciferase reporter assays were performed. The results indicated that the overexpression of miR-302a decreased the luciferase activities of IGF-1R-3′UTR Wt; however, no significant differences in the luciferase activities of IGF-1R-3′UTR Mut were observed. Furthermore, RT-qPCR and western blot analysis demonstrated that IGF-1R was downregulated in OS cells at mRNA and protein levels following transfection with miR-302a. The results of the current study also indicate that miR-302a expression levels are associated with metastatic features of OS. Taken together, it is reasonable to suggest that alterations in miR-302a expression modulate the metastasis of OS cells via directly targeting IGF-1R.

IGF-1R, a transmembrane tyrosine kinase receptor of the insulin receptor family, has been reported to serve essential functions in carcinogenesis and tumor progression, including malignant transformation, proliferation, anti-apoptosis, vascularization, and metastasis ([@b25-ol-0-0-8049],[@b26-ol-0-0-8049]). It has been demonstrated to be upregulated in various human cancer types, such as hepatocellular carcinoma, non-small lung cancer and prostate cancer ([@b27-ol-0-0-8049]--[@b29-ol-0-0-8049]). Furthermore, in OS, IGF-1R was revealed to be upregulated in OS tissues, and expression levels of IGF-1R were correlated with poor prognosis of patients with OS. In functional studies, the knockdown of IGF-1R resulted in a decrease in the adhesion, motility and metastasis of OS ([@b28-ol-0-0-8049]). In the present study, it was revealed that the downregulation of IGF-1R inhibited the migration and invasion capacity of OS cells. Therefore, regarding its cancer-associated functions, it is warranted that IGF-1R is investigated as a potential target for the treatment of patients with OS.

In conclusion, the results of the present study demonstrated that miR-302a is downregulated in OS, and acts as a tumor metastasis suppressor in human OS through targeting IGF-1R. The capacity of miR-302a to suppress metastasis of OS may provide a novel approach to preventing metastasis in patients with OS.

![Expression levels of miR-302a in OS. (A) The expression of miR-302a in OS tissues was significantly decreased compared with matched NATs. (B) The levels of miR-302a in OS tissue samples with metastatic disease were significantly downregulated compared with that in OS tissues without metastasis. (C) miR-302a expression levels in OS cell lines (HOS, MG63, SAOS2 and U2OS) were lower compared with that in the human normal osteoblastic hFOB 1.19 cell line. \*P\<0.05 compared with their respective controls. Data are presented as the mean ± standard deviation. miR, microRNA; OS, osteosarcoma; NATs, matched normal adjacent tissues.](ol-15-04-5577-g00){#f1-ol-0-0-8049}

![Overexpression of miR-302a suppressed the migration and invasion abilities of osteosarcoma cell lines *in vitro*. (A) miR-302a was significantly upregulated in MG63 and U2OS cells following the transfection with miR-302a mimics. (B) Representative image of the migration and invasion assays performed on MG63 and U2OS cells. (C) Transfection of miR-302a mimics significantly suppressed MG63 and U2OS cells migration and invasion capacity compared with cells transfected with the NC. \*P\<0.05 compared with their respective controls. Data are presented as the mean ± standard deviation. miR, microRNA; NC, negative control.](ol-15-04-5577-g01){#f2-ol-0-0-8049}

![IGF-1R was predicted as a target of miR-302a in osteosarcoma. (A) Computational analysis using miRanda and TargetScan revealed that miR-302a potentially targeted IGF-1R. (B) MG63 and U2OS cells were transfected with miR-302a mimics or NC, and IGF-1R 3′ UTR Wt or Mut luciferase reporter vector. (C) Expression levels of IGF-1R mRNA were measured using reverse transcription-quantitative polymerase chain reaction in MG63 and U2OS cells transfected with miR-302a mimics or NC. Transfection with miR-203a mimic resulted in a significant downregulation of IFG-1R mRNA compared with the negative control. (D) Protein levels of IGF-1R were detected using western blot analysis in MG63 and U2OS cells transfected with miR-302a mimics or NC. Transfection with miR-203a mimic resulted in a marked downregulation of IFG-1R protein expression compared with the negative control. \*P\<0.05 compared with their respective controls. Data are presented as the mean ± standard deviation. miR, microRNA; NC, negative control; IGF-1R, insulin-like growth factor 1 receptor; UTR, untranslated region; wt, wildtype; mut, mutant.](ol-15-04-5577-g02){#f3-ol-0-0-8049}

![Knockdown IGF-1R mimicked functions with miR-302a overexpression of OS cells. (A) Protein levels of IGF-1R were detected using western blot analysis in MG63 and U2OS cells transfected with IGF-1R or control siRNA. (B) Representative image of the Transwell migration and invasion assays for OS cells treated with IGF-1R or control siRNA. (C) Transfection of IGF-1R siRNA significantly inhibited MG63 and U2OS cell migration, and invasion capacity compared with control treated cells. \*P\<0.05 compared with their respective controls. Data are presented as the mean ± standard deviation. miR, microRNA; siRNA, small interfering RNA; IGF-1R, insulin-like growth factor 1 receptor; OS, osteosarcoma.](ol-15-04-5577-g03){#f4-ol-0-0-8049}
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